The continuous improvement of long-read sequencing technologies along with the development of ad-doc algorithms has launched a new de novo assembly era that promises high-quality genomes.
cally related to the sequencing technology used to generate the reads. Modern high-throughput se- Maximum NGA50 = 3.21 Mb Figure 1 : The WENGAN algorithm. The WENGAN steps consist in first assembling and error correcting the shortread contigs (1A-2A), then in creating a spectrum of synthetic mate-pair libraries from long-reads (3A) to build the Synthetic Scaffolding Graph (SSG, 4A). The SSG is used to compute approximate long-read overlaps by building longread-coherent paths (5A-6A). The long-read overlaps restore the long-read information and facilitate the construction and validation of the assembly backbone (7A-8A). The SSG is used to fill the gaps by building for each mate-edge a consensus sequence using the Partial Order Alignment graph (9A). The final steps use the SSG to polish the consensus sequences (10A). (B) The circular plot depicts the number of missassemblies detected using the pair-end information and the maximum NGA50 that can be achieved if those contigs are not corrected in the NA12878 MINIA3 shortread assembly. (C) The Pearson correlation of the mate-edge lengths before (y-axis) and after (x-axis) building the consensus sequences for a total of 283,727 mate-edges from the NA12878 WENGAN M assembly is depicted. Notice that the agreement between the estimated and the aligned mate-edge lengths exceeds R 2 > 0.99. The repeat contigs (2A-10A) are drawn uncollapsed to explain the WENGAN steps (A). 103 curated random Fosmid sequences of NA12878 [7] (3.92Mb, Table S7 ) allows us to estimate 23 that the median consensus quality of the WENGAN assemblies is QV ≥ 27.79 (Table 1 , maxi-24 mally one error every 625 bases). The median QV values of WENGAN are better or comparable 25 to the values of CANU-POLISHED and MASURCA ( Table 1 ). The BUSCO gene completeness 26 of WENGAN assemblies ranges from 94.62% to 94.81%, which is higher than the result of any 27 other evaluated assembler and reflects the good consensus quality and contiguity of WENGAN's 28 assemblies ( Table 1) . 29 FLYE and WTDBG2 consistently were the worst in the consensus quality benchmark because 1 of the poor polishing performed. Moreover, polishing the FLYE assembly with long reads and 2 with the same short reads used by WENGAN consumed 755 CPUs hours (Table S8 ). While the 3 hybrid polishing removed millions of consensus errors ( Table 1, Table S8 ), and increased the 4 median quality value and the BUSCO gene completeness (to 23.39 and 89.7%), the polished FLYE 5 assembly still has a lower quality than any of the unpolished WENGAN assemblies ( Table 1) . 6 In terms of computational resources, the WENGAN assemblies consumed less CPU hours 7 than any other method (Table 1) . WENGANM, the fastest WENGAN mode based on MINIA3, con-8 sumed 810 times less CPU-hours than CANU (185 vs.∼150,000 hours, Table 1 ) and only required 9 53Gb of RAM to complete the assembly ( Table 1) . 10 Collectively, the benchmark results demonstrate that WENGAN is the only genome assembler 11 evaluated that optimizes all of the 1-2-3 de novo assembly goals, namely, contiguity, consensus 12 accuracy, and computational resources. 13 
WENGANM

WENGAN is effective at low long-read coverage 1
In order to optimize the cost of generating high quality genome assemblies, we next investi-2 gated the required long-read coverage to produce de novo assemblies with NG50 of at least 10Mb. 3 Moreover, we assessed the suitability of the BGI sequencing technology [9] (MGIseq-2000) as an 4 alternative to Illumina SBS [8] for hybrid assembly using matched short-read genomic data. We 5 sequenced the NA12878 human cell line using the short-read sequencers NovaSeq-6000 [8] and 6 MGIseq-2000 [9] as well as the long-read sequencer ONT PromethION [11] (Methods section). 7 We generated a total of 548.2 million pair-end reads (2x150bp) of sequence (53.06X) from both 8 short-read sequencers ( The Nanopore reads were base-called using GUPPY (v3.0.3) with the high accuracy FLIP-FLOP 11 model. We randomly subsampled the long-read data from 10X to 30X of genome coverage in in-a high quality assembly with NG50 > 10Mb (QV > 29) for a price of less than $1500 by com-1 bining 20X long-read coverage generated on ONT PromethION with 50X short-read coverage 2 generated on MGI-seq2000, using less than one day of computing time on an average server (20 3 cores, ≤50Gb RAM). Hence, we have demonstrated that genome de novo assembly is now highly 4 affordable and readily accessible to a large range of research groups. 
WENGAN surpasses the contiguousness of GRCh38
and Figure S5 ). We estimate the median consensus quality of this WENGAND assembly to be ≥ 1 99.96% (QV=33.61, Figure 3C , Table S14 ). Additionally, the complex MHC region is spanned in 2 a single contig on this assembly due to the haploid nature of CHM13 sample (NGA50 2.79 Mb, 3 Figure S6 ). 4 Consistent with our comparisons to long-read assemblers, the WENGAND assemblies of 5 these three human samples exhibit a lower mis-assembly count (avg. 1,145) and the highest BUSCO 6 gene completeness (≥ 94.9%, Figure 3BD ). Moreover, the WENGAND assembly of CHM13 took 7 1,027 CPU hours (40 hours real-time on 44 CPUs) and used a maximum of 647Gb of RAM (Ta-8 ble S13). Such performance is at least 213X more efficient than the CANU performance [17] 9 (∼219,000 hours) and used lower memory than the FLYE (v.2.5) and SHASTA (nanopore-read 10 only) [17] assemblers. 11 We compared the amount of segmental duplications (SDs) resolved in the assemblies by 
Evaluation of assembly accuracy and contiguity using BIONANO optical mapping
set V and edge set E, is a weighted, undirected multi-graph, without self-loops [28] . Each contig 1 C i is modeled by two vertices (v, w) and an undirected contig-edge (e). The length of e is set to 2 the contig length l(C i ). The contig orientation is represented by associating each of the contig ends 3 to one of the two vertices (i.e. tail(C i ) = v and head(C i ) = w). Then traversing from tail(C i ) → 4 head(C i ) or head(C i ) → tail(C i ) implies forward or reverse contig orientation, respectively. 5 Now, consider a pair of mate-reads f and r originated from a synthetic mate-pair library with 6 mean insert sizex, standard deviation σ and orientation forward-reverse that uniquely matches 7 two different contigs C i and C j . The uniquely mapped mate-pair induces a relative orientation 8 and approximate distance between the two contigs. Such information is represented by adding 9 a mate-edge e into the graph. The length of the mate-edge e is computed by subtracting from 10 the expected mate-pair distance (x) the amount of overlap that each contig has with the mate-pair 11 considering the read mapping orientations: l(e) :=x − (l(C i ) − pos C i (f )) − (l(C j ) − pos C j (r)). 12 Moreover, the standard deviation σ(e) of each mate-edge e is set equal to the standard deviation of 13 the synthetic mate-pair library. If there is more than one mate-edge e between the same ends of two 14 contigs C i and C j , we can bundle [28] the mate-edge e by computing from the set of mate-edges 15 e 1 , e 2 , ..., e n , the length of e as l(e) := p/q and its deviation as σ(e) = 1/q where: p = l(e i ) σ(e i ) 2
16
and q = 1 σ(e i ) 2 [28] . Additionally, the weight w(e) of a bundled mate-edge e is set to k i=1 w(e i ), 17 otherwise to 1.
18
The Synthetic Scaffolding Graph (SSG) is an edge-bundled scaffolding graph G = (V, E), 19 built from a spectrum of synthetic mate-pair libraries, where there is an edge-labelling function 20 (F ) that maps the long reads to the edges through the synthetic mate-pair pseudo-alignments. 21 4.1.5 Computing approximate long-read overlaps with the SSG. 22 Consider a mate-edge e from v to w that is connected by an alternative path P = (m 1 , c 1 , m 2 , ..., m k ) 23 of mate-edges (m 1 , m 2 , ...), contig-edges (c 1 , c 2 , ...) and long-read labels F (P ) = (F (m 1 ), F (c 1 ), 24 F (m 2 ) , ..., F (m k )). We can compute the path length l(P ) and its standard deviation σ(P ) as fol-25 lows [28] : l(P ) := l(m i ) + l(c i ) and σ(P ) := σ(m i ) 2 . A mate-edge e from v to w can be coherent with every edge e i of P : |l(e)−l(P )| ≤ 4 max(σ(e), σ(P )) and F (e) ⊂ F (e i ) ∀ e i ∈ P .
based on an extensive use of priority queues, leading to an O(V E log(V )) time complexity [39, 40] .
greedy algorithm to determine a layout of contig-edge hits along the mate-edge sequence. The 23 greedy algorithm starts by sorting the contig-edge hits by number of minimizer matches and then 24 adds the hits to the layout only if there is no overlap with a previously added hit. We then proceed 25 as in the graph polisher to align and polish the mate-edge sequence using the best-hit layout. Fi- 26 nally, WENGAN outputs the sequence of each line plus the sequence of contig-edges (>5kb) not 27 used in the polishing steps. genome alignment to the human reference genome using the MINIMAP2 [38] program and a pro-3 cedure similar to the one described recently by Ruan et al. [14] . To determine breakpoints, a 4 maximum of 5% divergence in the alignments was allowed (MINIMAP2 options: -paf-no-hit -
